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Cadmium  (Cd2+) is a toxic  heavy  metal  which  triggers  several  toxic  effects  in  eukaryotes,  including  neu-
rotoxicity  and  impaired  calcium  metabolism.  In the  model  organism  Saccharomyces  cerevisiae,  the  best
characterized  pathway  for Cd2+ detoxiﬁcation  involves  conjugation  with  glutathione  (GSH)  and  subse-
quent  transport  to  vacuoles  by Ycf1p,  an  ATPase  homologous  to  human  MRP1  (Multidrug  resistance
associated  protein  1). However,  Cd2+ tolerance  also  can  be  mediated  by Pmr1p,  a Ca2+ pump  located  in
the Golgi  membrane,  possibly  through  to  the secretory  pathway.  Herein,  we  showed  that  inactivation  of
2+
admium
CF1
MR1
MC1
a2+ transporters
accharomyces cerevisiae
the  PMR1  gene,  alone  or simultaneously  with  YCF1,  delayed  initial  Cd capture  compared  to  wild-type
(WT)  cells.  In addition,  Cd2+ treatment  altered  the  expression  proﬁle  of  yeast  internal  Ca2+ transporters;
speciﬁcally,  PMC1  gene  expression  is induced  substantially  by the  metal  in  WT  cells,  and  this  induction
is  stronger  in mutants  lacking  YCF1.  Taken  together,  these  results  indicate  that, in addition  to  Pmr1p,  the
vacuolar  Ca2+-ATPase  Pmc1p  also  helps  yeast  cells  cope  with  Cd2+ toxicity.  We  propose  a  model  where
Pmc1p  and  Pmr1p  Ca2+-ATPase  function  in cooperation  with  Ycf1p  to promote  Cd2+ detoxiﬁcation.. Introduction
Cadmium (Cd2+) is a toxic heavy metal which is spread in the
nvironment by natural phenomena, like erosion of sedimentary
ocks and volcanic eruptions, or as result of anthropogenic activ-
ty, including production of nickel–cadmium batteries, alloys and
aints (WHO, 2003). In humans, Cd2+ has a biological half-life of
bout 15–20 years (Nordberg, 1984) and can trigger neurotoxicity,
enal dysfunction, impairment of calcium metabolism and bone
ragility (Satarug and Moore, 2004; Kazantzis, 2004; Rigon et al.,
004). Also, Cd2+ is classiﬁed as type I carcinogen by the Interna-
ional Agency for Research on Cancer (Huff et al., 2007).
The molecular basis of Cd2+ toxicity is complex and involves
everal biochemical pathways related to three major routes: (i)
nduction of oxidative stress; (ii) interference with intracellular
ignaling; and (iii) interference with DNA repair (Beyersmann and
artwig, 2008). Moreover, Cd2+ competes with essential elements
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like calcium (Ca2+), iron, zinc and manganese, disturbing intracellu-
lar ion homeostasis (Himeno et al., 2002; Clemens, 2006; Gardarin
et al., 2010; Muthukumar et al., 2011).
In eukaryotes, Cd2+ can be detoxiﬁed by conjugation with
glutathione (GSH) or other thiol-containing compounds like met-
allothioneins (Cobbett and Goldsbrough, 2002). In Saccharomyces
cerevisiae,  bis(glutathionato)cadmium (Cd-[GS]2) is removed from
the cytosol to the vacuole by speciﬁc proteins such as the
glutathione-conjugated transporter Ycf1p (Li et al., 1997), an
ATP-binding cassette protein analogous to the human multidrug
resistance associated protein 1 (MRP1) (Szczypka et al., 1994). Upon
Cd2+ stress, YCF1 is regulated by Yap1p and by GSH availability
(Wemmie et al., 1994; Mielniczki-Pereira et al., 2008). At the post-
translational level, Ycf1p activity is controlled by phosphorylation
(Eraso et al., 2004; Paumi et al., 2008). In addition to Ycf1p, the Ca2+-
pump Pmr1p located at Golgi membrane, promotes Cd2+ detox-
iﬁcation by a mechanism associated with the secretory pathway
(Missiaen et al., 2007; Lauer-Júnior et al., 2008).
Ca2+ is an essential element that has a central role as intra-
cellular cell messenger in eukaryotes, regulating a broad variety
of processes like morphogenesis and proliferation (Chattopadhyay
Open access under the Elsevier OA license.and Brown, 2000; Schaub and Heizmann, 2008). In aqueous solu-
tion, Cd2+ and Ca2+ ions have similar ionic radii; consequently,
several proteins containing Ca2+ binding motifs can also bind Cd2+
(Chao et al., 1990; Akiyama et al., 1990; Liu and Templeton, 2007).
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Table  1
Saccharomyces cerevisiae and Escherichia coli strains used in this study.
Organism Strains Genotypes Source
S. cerevisiae BY4741 MATa; his31; leu20; met150; ura30 Euroscarf
ycf1 Idem BY4741 except ycf1::kanMX4 Euroscarf
pmr1 Idem BY4741 except pmr1::kanMX4 Euroscarf
Idem
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Ppmr1ycf1  
E.  coli XL-1Blue 
onsidering that Pmr1p is the major Ca2+ ATPase of S. cerevisiae
Marchi et al., 1999), its activity in Cd2+ detoxiﬁcation may  alter
he Ca2+ intracellular levels and, therefore, the function of other
a2+-carriers found in these cells.
Multiple Ca2+ transporters have been identiﬁed in S. cere-
isiae, including Pmr1p and the vacuolar transporters Ca2+-ATPase
mc1p, Ca2+/H+ exchanger Vcx1p/Hum1p, and Yvc1p ionic chan-
el (Bonilla and Cunningham, 2002), which respond to the
almodulin/calcineurin-signaling pathway and are controlled by
he transcription factor complex Tcn1p/Crz1p (Stathopoulos and
yert, 1997; Matheos et al., 1997). In addition, the endoplasmic
eticulum (ER) ATPase Cod1p/Spf1p also contributes to mainte-
ance of Ca2+ levels in yeast (Cronin et al., 2002).
In this work, we investigate the relative contribution of Ycf1p
nd Pmr1p to Cd2+ tolerance in S. cerevisiae.  We  performed cyto-
oxic assays and analyses of Cd2+ content in single and double
utants for these proteins. Additionally, we analyzed the expres-
ion of yeast genes coding intracellular Ca2+-transporters (PMR1,
MC1, VCX1, YVC1, COD1) after Cd2+ exposure.
. Materials and methods
.1. Strains and growth conditions
The strains of S. cerevisiae used in this work are isogenic with wild-type (WT)
Y4741 (Table 1). They were routineraly maintained in YEPD (1% yeast extract, 2%
eptone, 2% glucose) and pre-inoculated in SC complete medium (Burke et al., 2000)
efore experimental procedures. The estimated Ca2+ concentration of SC medium is
bout 0.9 mM (DifcoTM & BBLTM Manual, 2nd Edition).
The Escherichia coli strain XL1-Blue (Table 1) was  used as a recipient for cloning
rocedures and was grown in LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl).
or  selection and propagation of plasmid-containing bacterial cells, the LB medium
as  supplemented with ampicillin at a ﬁnal concentration of 150 g/mL.
.2.  Construction of double mutant pmr1ycf1Standard molecular procedures were performed as described by Ausubel et al.
1995).  The bifunctional yeast – E. coli vector YCpLac33 (Gietz and Sugino, 1988)
as  used as template for ampliﬁcation of ycf1::URA3 disruption cassette. The
mr1ycf1  double mutant was obtained by disruption of the YCF1 gene by
able  2
rimers used in this study.
Name Sequence 
ycf1::URA3 5′-ATGGCTGGTAATCTTGTTTCATGGGCCTGCAAG
TGGACGATCGATGAT-3′
5′-TTAATTTTCATTGACCAAACCAGCCTCCATGCAC
TTATTGTCTCATGAG-3′
ACT1  5′-TCTGCCGGTATTGACCAAAC-3′
5′-ATGGAAGATGGAGCCAAAGC-3′
YCF1  5′-AAGACATTAGTTGGCGAGAAAGGGA-3′
5′-AAGTGCCTGGCAACGTGTTCATCAA-3′
PMR1  5′-GGTACAGATGTAGCCAAAGAAGCCT-3′
5′-TAGTGCGGCAACAGAAGTAGACAAT-3′
PMC1  5′-ACAGTCGCCGCTGTTGTTTC-3′
5′-CTGGTAATCGTTAGCGGCAC-3
VCX1  5′-TGCCTTTAGAGCCACCCTAC-3′
5′-TGTTGCTCAAACAAGGCGTG-3′
COD1  5′-GGCGACCTTAAAGGCTGTTG -3′
5′-TGACAGCAGCAAACAAGGCA-3′
YVC1  5′-GCCGGAAAACAATGGATCTC-3′
5′-GCCAGCTTCACAACTTTTGG-3′ pmr1 except ycf1::URA3 This study
1 endA1 gyrA96 thi-1 hsdR17 supE44 Invitrogen Corp.
1 lac [F′ proAB lacIqZ.M15  Tn10 (Tetr)]
homologous recombination with the ycf1::URA3 cassette. The latter was ampli-
ﬁed with Platinum® high ﬁdelity Taq DNA polymerase (Invitrogen) and the primers
described in Table 2. Then, the disruption cassette was puriﬁed with the PureLinkTM
gel extraction kit (Invitrogen) and employed for transformation of the pmr1
strain. The disruption was conﬁrmed by PCR and restriction analyses performed
with phenol–chloroform puriﬁed genomic DNA from potential yeast transformant
colonies selected in SC medium lacking uracil.
2.3. Cd2+ sensitivity assays
Yeast strains were growth in SC medium at 30 ◦C until the stationary phase,
then harvested by centrifugation (1 min/15,000 × g) and washed twice with distilled
water. For survival assays, 1.2 × 107 cells/mL were treated in SC medium supple-
mented or not with CdCl2 (50 M,  100 M,  200 M or 400 M)  and incubated for
4  h in an orbital shaker (120 rpm) at 30 ◦C. After the treatments, cells were washed
and diluted to 1.2 × 103 cells/mL. Aliquots of 100 L were plated in SC solid medium
and incubated at 30 ◦C for 2–3 d to determine cell viability.
2.4. Cd2+ absorption
The yeast strains were treated with 50 M CdCl2 as described in section 2.3. At
1  h intervals, 10 mL aliquots were collected. Then, 1 mL  of these samples was  used
for  survival determination and the remaining 9 mL was  centrifuged and subjected to
atomic absorption using a 3100 Atomic Absorption Spectrometer (PerkinElmer) for
quantiﬁcation of residual Cd2+ concentration in the supernatant. Cd2+ content was
estimated by determining the difference in metal concentration between control
medium without biomass and test medium containing biomass (Gomes et al., 2002).
The results were normalized with respect to the number of surviving cells at each
time point, and are expressed as micrograms of Cd2+ absorbed by 107 surviving cells.
2.5. Semi quantitative RT-PCR expression analyses
The strains were treated as described in Section 2.3.  After 4 h, cells were har-
vested for total RNA extraction using RNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. About 200–300 ng of total RNA previously treated with
DNAse I ampliﬁcation grade (Promega) were subjected to ﬁrst strand cDNA synthesis
using the poly-T antisense primer, and the M-MLV  reverse transcriptase (Promega).
PCR was carried out with Platinum Taq DNA polymerase (Invitrogen) and the spe-
ciﬁc  primers described in Table 2. The reactions were performed with 20 ng of
ﬁrst strand cDNA, except for PMC1, for which 10 ng was used. The ACT1 gene was
employed as a constitutive control. The PCR program used for all fragments was
as  follows: initial denaturation (94 ◦C for 5 min), 27–31 cycles (94 ◦C for 30 s; 60 ◦C
for  60 s; 72 ◦C for 30 s), and ﬁnal extension (72 ◦C for 5 min). All pairs of primers
were tested with 27, 28, 29, 30 and 31 PCR cycles, and, for each cDNA synthesized,
Product length
CTCTGTAGCAGT
AGTGAACAGGG
1404 bp
164 bp
146 bp
150 bp
171 bp
156 bp
160 bp
170 bp
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Fig. 1. Yeast tolerance to Cd2+. S. cerevisiae cells (1.2 × 107/mL) were treated in
SC  medium supplemented or not with Cd2+. After 4 h, cells were diluted, plated
and  incubated at 30 ◦C before determining survival. Data are expressed as the
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Fig. 2. Time dependency of Cd2+ uptake. S. cerevisiae cells (1.2 ×107/mL) were
treated in SC medium supplemented with 50 M Cd2+. At 1 h intervals, aliquots
were collected to determine survival and residual Cd2+ content. Data are presented
as the mean ± SEM. Strains were compared at same time point. Different letters indi-ean ± SEM. For some points, the error bars do not exceed the symbol size. The let-
ers  indicate statistically signiﬁcant differences between the WT strain and ycf1
a), pmr1ycf1 (b), or pmr1 (c) at each time point.
wo independent PCR reactions were performed with the two best number of cycles
or  each gene. The semi-quantitative RT-PCR was  performed at least three times
ith RNA samples extract in independent days. The PCR products were submitted
o  electrophoresis in an agarose gel (1.4%) stained with ethidium bromide. Images
ere acquired with a Kodak Gel Logic 200 Imaging System and band intensity was
easured with Kodak Molecular Imaging Software (Kodak). The expression rate
as  obtained by dividing the band intensity of each individual gene by the inten-
ity of the corresponding ACT1 band. The data are expressed as the percentage of
xpression of treated samples in relation to the control sample, deﬁned as relative
xpression.
.6.  Statistical analysis
The statistical analyses were performed with one-way ANOVA plus Tukey’s post-
est, with P values less than 0.05 considered signiﬁcant. All assays were repeated at
east three independent times.
. Results
.1. Effect of PMR1 deﬁciency in Cd2+ tolerance in ycf1 strain
To investigate the relative contribution of Ycf1p and Pmr1p for
d2+ resistance in S. cerevisiae we compared the response to Cd2+
tress of a double mutant pmr1ycf1 with single mutants for
CF1 and PMR1 genes. As expected, ycf1 cells were very sensi-
ive to Cd2+ (Fig. 1). The pmr1 strain showed a slight susceptibility
ompared to WT  BY4741. The double mutant pmr1ycf1 showed
ensitivity comparable to that observed in the single mutant ycf1
t 50 M Cd2+, but, at higher concentrations, this strain was able
o restore partially its Cd2+ tolerance, reaching a survival similar to
T BY4741 at 400 M.
.2. Time dependency of Cd2+ uptake
In order to analyze how the PMR1 mutation can affect Cd2+
ccumulation in cells lacking functional YCF1, a time course for
he Cd2+ uptake assay was performed (Fig. 2). The results showed
hat BY4741 cells are loaded with Cd2+ within 2 h, but in the 3rd h,
bout 43% of Cd2+ previously captured is released into the medium
0.82 ± 0.058 at 1 h compared to 0.47 ± 0.052 at 3 h). Subsequently,
hese cells restart Cd2+ uptake and, after 4 h, they have 60% morecate statistically signiﬁcant differences at same time, while identical letters indicate
no statistical differences.
Cd2+ (1.34 ± 0.040) than in the ﬁrst 2 h, and also have the highest
intracellular Cd2+ content compared to the three mutant strains.
A signiﬁcant variation in Cd2+ content over time was not detected
in the ycf1 strain; however, after 4 h, the Cd2+ present in these
cells is reduced about 26% compared to the WT  (0.99 ± 0.004 in
the mutant strain). Interestingly, pmr1 cells had increasing Cd2+
accumulation over time; at 4 h, the Cd2+ content is approximately
double what it was  at 1 h (1.09 ± 0.038 vs. 0.53 ± 0.092, respec-
tively). The proﬁle of pmr1ycf1 was the same observed in the
single mutant pmr1, with the mutation in YCF1 showing a discrete
additive effect on Cd2+ uptake.
3.3. Expression of Ca2+-intracellular transporters upon Cd2+ stress
To gain insight into the cellular response to Cd2+ in the absence
of functional Ycf1p and/or Pmr1p, we investigated the expression of
YCF1 and intracellular Ca2+-transporters genes (PMC1,  VCX1, YVC1,
COD1) after Cd2+ exposure (Fig. 3). In the WT  strain, YCF1 expres-
sion was  clearly induced only at the highest Cd2+ concentration
tested (400 M),  while PMR1 expression was  not induced at 50 M
or 400 M (Fig. 3A and B). COD1, YVC1 and VCX1 gene expression
also did not change signiﬁcantly in response to Cd2+ presence. Inter-
estingly, PMC1 was the only gene up-regulated at 50 M Cd2+ in WT
strain (Fig. 3A and B).
The cells harboring the YCF1 mutation had increased PMR1
expression after Cd2+ exposure, and a similar pattern was seen for
YVC1 and COD1 (Fig. 3C and D). In addition, in the ycf1 mutant,
PMC1 up-regulation by Cd2+ was  stronger than that observed in
WT cells (p < 0.001 at both 50 and 400 M).  In the pmr1 strain,
YCF1 exhibit a clear increase at 400 M Cd2+ (Fig. 3E and F). More-
over, PMC1, VCX1, YVC1 and COD1 were also induced by Cd2+ in
this mutant, with PMC1 reaching expression levels comparable
to that observed for YCF1 at 400 M (Fig. 3E and F). In the dou-
ble mutant pmr1ycf1,  the up-regulation of PMC1, VCX1 and
COD1 still persist, but YVC1 is no more induced after Cd2+ stress
(Fig. 3G and H). The early up-regulation of PMC1 at 50 M Cd2+ in
the WT  strain as well the strong up-regulation in mutants lack-
ing YCF1, points to the participation of Pmc1p in Cd2+ tolerance.
Therefore, we hypothesized that the partial rescue of Cd2+ toler-
ance in the pmr1ycf1 double mutant (Fig. 1) could be related to
differences in the basal PMC1 expression levels. In fact, its expres-
sion in cells lacking Pmr1p is at least 2.5 times higher than in WT
cells, even without Cd2+ treatment (Fig. 4). In ycf1 mutants, the
basal PMC1 level is increased approximately 50%. Also, in pmr1
mutants, the basal YCF1 expression is also 70% higher than WT
(Fig. 4).
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Fig. 3.
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Sig. 4. Basal expression of PMC1 and YCF1 genes in BY4741 background. Representa
n  the ﬁrst line. (B) Graphic representation of expression pattern. Relative expressi
ymbols represent statistical differences at p < 0.001 (***) comparing the indicated 
. Discussion
In S. cerevisiae,  the detoxiﬁcation of Cd2+ ions is associated
ainly with Ycf1p activity. However, several published studies sug-
ested that additional pathways can help yeast cells to cope with
d2+ toxicity. For example, Pmr1p participates in Cd2+ tolerance
y a mechanism involving the secretory pathway (Lauer-Júnior et
l., 2008). In this work, we showed that in BY4741 the inactivation
f PMR1 has a stronger effect upon the over-time proﬁle of Cd2+
ptake (Fig. 2). In fact, WT  cells accumulate Cd2+ for 2 h and then
elease into the medium some of the ions that previously incorpo-
ated; this event seems to allow a new round of Cd2+ uptake. In
utants lacking PMR1, this Cd2+ export capacity is lost; cells accu-
ulate increasing Cd2+ concentrations (Fig. 2), which conﬁrms that
mr1p shuttles Cd2+ into the secretory route. Despite this progres-
ive Cd2+ accumulation, the contribution of Pmr1p to Cd2+ tolerance
eems to be secondary compared to Ycf1p, since pmr1 was rela-
ively insensitive to Cd2+ (Fig. 1) and PMR1 was not induced by Cd2+
n the WT  strain, even at a high concentration (Fig. 3A and B).
The inactivation of PMR1 also delays the initial Cd2+ capture
ompared to WT  cells. In this sense, pmr1 mutants have deple-
ion of Ca2+ in secretory compartments, which stimulates the initial
ate of Ca2+ inﬂux through Cch1p/Mid1p, a cell membrane high
fﬁnity Ca2+-channel (Locke et al., 2000; Kellermayer et al., 2003).
his phenomenon does not occur in WT  cells; moreover, it is not
elated to increased expression of Cch1p/Mid1p neither with its
elocation from internal compartments to the cell surface (Locke
t al., 2000). Knowing that Cd2+ and Ca2+ can compete for this chan-
el (Gardarin et al., 2010), we hypothesized that the high-afﬁnity
f Cch1p/Mid1p by Ca2+ ions, as well some kind of intracellular
ignaling that improves this afﬁnity, could favor the early uptake
f Ca2+ instead of Cd2+. In this sense, it was demonstrated that
ch1p/Mid1p activity is inﬂuenced by proteins of intracellular sig-
aling pathways as calcineurin and the MAP  kinases Mpk1p and
ck1p (Bonilla and Cunningham, 2003). With time, competition
etween Ca2+ and Cd2+ should be reduced due to alteration in
he proportional concentration of these cations and, in turn, Cd2+ptake becomes more effective. A set of kinetic experiments are
ecessary to conﬁrm this hypothesis. The amount of Cd2+ incorpo-
ated by the ycf1 strain does not vary greatly over time (Fig. 2),
ossibly because the metal accumulates in the cytosol, forming
ig. 3. Expression proﬁle of Ca2+-transporters encoder genes after Cd2+ treatment. Repres
C),  pmr1 (E) and pmr1ycf1 (G) strains. Constitutive control (ACT1) is shown in the
mr1  (F) and pmr1ycf1 (H) strains. Relative expression was  calculated as described
ymbols represent statistical differences at p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***) comages of bands obtained in untreated cells (A). Constitutive control (ACT1) is shown
s calculated as described in Section 2. The data are expressed as the mean ± SEM.
t with WT strain.
Cd-[GS]2 complexes that has a feedback negative effect upon Cd2+
uptake (Gomes et al., 2002), and because these complexes are not
substrates for Pmr1p, which transports only divalent metals (Sorin
et al., 1997; Missiaen et al., 2007).
In the expression analysis, we observed that YCF1 and PMC1
were the genes whose expression was  more affected by Cd2+
(Fig. 3A and H). Interestingly, PMC1 was activated earlier than YCF1,
since it was the only gene up-regulated at 50 M Cd2+ in the WT
strain, and was even higher in ycf1 cells (Fig. 3A–D). PMC1 encodes
a vacuolar Ca2+ transporter not essential for viability under nor-
mal  growth conditions; however, it plays an essential role in yeast
tolerance to high Ca2+ stress (Cunningham and Fink, 1994; Miseta
et al., 1999). The ionic similarities between Ca2+ and Cd2+, and the
prominent induction of PMC1 in response to Cd2+ in the ycf1 strain
(Fig. 3C and D), allow us to infer that Pmc1p can help yeast cells cope
with Cd2+ toxicity, although we have not detected great sensitivity
to Cd2+ in pmc1 cells (data not shown). In addition, strains lacking
functional Ycf1p can also activate the PMR1 gene as an accessory
pathway to remove Cd2+ from the cytosol (Fig. 3C and D).
A remarkable observation from this work was  that deletion of
the PMR1 gene can overcome the Cd2+ sensitivity produced by the
absence of Ycf1p, as demonstrated by the pmr1ycf1 cells (Fig. 1).
This result prompted us to investigate the hypothesis that PMR1
mutation confers intrinsic characteristics that favor cellular resis-
tance to Cd2+. In fact, pmr1 have a slight increase in YCF1 induction
after Cd2+ exposure compared to WT  BY4741, but this increase
does not explain the recovered resistance of the double mutant
pmr1ycf1,  which do not have YCF1 activity. In this sense, the
data points to the activation of a Ycf1p-independent mechanism
for restoring Cd2+ resistance. This mechanism could be related to
PMC1 basal expression, and our data showed that PMC1 expression
in cells lacking functional Pmr1p is more than 2.5 times higher than
in WT  BY4741 even in absence of Cd2+ (Fig. 4).
Previous work demonstrated that in the WT  strain W303, basal
PMR1 expression is higher than basal PMC1 (Marchi et al., 1999).
However, our expression analysis points to high PMC1 basal expres-
sion compared to PMR1 in BY4741, since to avoid saturation in
semi-quantitative RT-PCR we  used approximately half the cDNA
for PMC1 compared to the samples used for all other genes (see
Sections 2 and 2.5). Thus, the primary use of Pmr1p or Pmc1p to
cope with Cd2+ toxicity would depend on the basal expression
entative images of bands obtained for the analyzed genes in the BY4741 (A), ycf1
 ﬁrst line. Graphic representation of expression pattern in BY4741 (B), ycf1 (D),
 in the Materials and methods section. The data are expressed as the mean ± SEM.
paring the indicated treatment with the respective control.
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Fig. 5. Integrative model of Ycf1p and Ca2+-transporters operation upon Cd2+ stress. (A) Low Cd2+ concentration and/or low GSH intracellular availability promotes Cd2+
detoxiﬁcation by GSH independent mechanisms, as those mediated by Pmr1p or Pmc1p. This scenario can be achieved when the internal demand for essential ions increases
their  uptake through high-afﬁnity transporters, resulting in a delay in Cd2+ uptake through the same pathway (as observed in pmr1 cells). The consequent use of Pmc1p
or  Pmr1p mediated detoxiﬁcation will depend on the availability of each carrier. Even in this scenario, some Cd2+ are linked to GSH due to its high afﬁnity for sulfhydryl
groups; and the generated Cd-[GS]2 complexes are sequestered into the vacuole by Ycf1p. (B) High intracellular Cd2+ can be achieved by long time exposure of the cells to the
metal,  which will reduce extracellular essential ion concentrations and favor Cd2+ uptake due to minor ionic competition for membrane carriers. In this scenario, the major
pathway for Cd2+ detoxiﬁcation is that mediated by Ycf1p. Higher PMC1 and PMR1 expression contributes to Cd2+ sequestration from the cytosol. Pronounced Cd2+ stress
induces  cell injury and most likely initiates ER stress and activates the UPR pathway, which is mediated by Cod1p up-regulation. Ycv1p can produce Ca2+ signals in response
t ity. In
b parat
s
l
T
m
s
T
w
i
i
u
a
o
t
E
a
c
o
d
t
w
C
r
t
a
b
a
co  Cd2+ which, in turn, could activate biochemical pathways to cope with Cd2+ toxic
y  membrane proteins, such as Yor1p, Alr1p or Pca1p. Vac (vacuole), Golgi (Golgi ap
ee  discussion text.
evel of these carriers in the genetic background of WT  strain.
his fact would explain the moderate Cd2+ sensitivity of pmr1
utants derived from BY4741 compared to the pronounced sen-
itivity described previously in W303 (Lauer-Júnior et al., 2008).
herefore, the partial rescue of Cd2+ tolerance in pmr1ycf1,  as
ell the moderate susceptibility of pmr1 derived from BY4741,
s probably obtained by a combination of the following factors: (i)
ncreased basal YCF1 and/or PMC1 expression (Fig. 4); (ii) stronger
p-regulation of YCF1 and/or PMC1 in response to Cd2+ (Fig. 3A–H);
nd (iii) delays in initial Cd2+ uptake (Fig. 2). In addition, there are
ther speciﬁc responses since both YCF1 and PMC1 can be differen-
ially regulated at the post-translational level (Takita et al., 2001;
raso et al., 2004; Paumi et al., 2008).
Increased YVC1 expression was observed in both the pmr1
nd ycf1 single mutants (Fig. 3A–F). Yvc1p is a vacuolar ionic
hannel that participates in the generation of Ca2+ signals after
smotic stress and after exposure to the antifungal drug amio-
arone (Denis and Cyert, 2002; Gupta et al., 2003). We  speculate
hat Yvc1p can also produce Ca2+ signals in response to Cd2+ stress
hich, in turn, could active biochemical pathways to cope with
d2+ toxicity. In fact, Ca2+ signals are able to mediate cellular
esponses to Cd2+ in several eukaryote models, including responses
hat induce apoptosis (Liu et al., 2007). In the same manner, vari-
tions in VCX1 could be related to intracellular signaling mediated
y Ca2+ and/or a simple adjustment of Ca2+ homeostasis. Vcx1p is
 vacuolar H+/Ca2+ exchanger involved in control of cytosolic Ca2+
oncentration, which also promotes dissipation of Ca2+ signals by the two  scenarios (A and B), some Cd2+ can be transported out of the cells directly
us), ER (endoplasmic reticulum), UPR (unfolded protein response). For more details
rapid capture into the vacuole (Miseta et al., 1999). Contribution
of Vcx1p to direct Cd2+ detoxiﬁcation could be minimal, since it is
not induced in BY4741. Accordingly, VCX1 overexpression provides
only a moderate increase in Cd2+ resistance (Pittman et al., 2004).
In view of the dual participation of Cod1p in the unfolded protein
response (UPR) and Ca2+ homeostasis (Cronin et al., 2002), their up-
regulation in the three mutant strains (Fig. 3C–H) could point to ER
stress induced by Cd2+. Indeed, it was recently suggested that Cd2+
accumulation in the ER of yeast activates the UPR  pathway which,
in turn, is essential to protect the strains against the metal presence
(Gardarin et al., 2010). New studies are necessary to conﬁrm these
hypotheses regarding YVC1, VCX1 and COD1 responses to Cd2+ in
yeast.
Besides participation of Ca2+-transporters in Cd2+ tolerance, the
results of this work also point to the interference of Cd2+ with
Ca2+ homeostasis in yeast cells. Indeed, several reports have been
demonstrated that Cd2+ treatment is able to increase the intracel-
lular Ca2+ concentration in mammalian cells. Notably, the raise in
cytosolic Ca2+ seems to be associated with the signaling to Cd2+-
induced apoptosis (Lee et al., 2006; Liu et al., 2007; Wang et al.,
2007). In S. cerevisiae,  Cd2+ also stimulates the entry of Ca2+ into
the WT cells, which appears to be an important aspect of its tox-
icity (Kessels et al., 1987; Gardarin et al., 2010). A phenotypic
characteristic of pmr1 mutant is the increase in the basal con-
centration of Ca2+ cytosolic (Locke et al., 2000) and, in contrast
with WT  strain, Cd2+-treatment promotes decrease in Ca2+ levels
in these cells (Lauer-Júnior et al., 2008). Interestingly, our results
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bout expression of intracellular Ca2+-transporters genes showed
hat in WT  strain Cd2+ affect only the expression of PMC1, while
n pmr1 cells it is responsible by a general up-regulation of genes
ssociated with Ca2+ transport. This could indicate that reduction of
a2+ levels in pmr1 after Cd2+ treatment requires a more accurate
djustment than the probable augment of Ca2+ in WT  cells, which
ould be minimized by the own up-regulation of PMC1.  However,
his hypothesis needs experimental conﬁrmation.
. Conclusions
Genes whose deletion produces a great sensitivity to a speciﬁc
etal are considered primary elements in detoxiﬁcation pathways,
hile genes that reply through alteration in the expression proﬁle
ossibly are downstream elements in the same pathway or ele-
ents of alternative routes to detoxiﬁcation (Jin et al., 2008). This
ork suggests that Pmr1p and Pmc1p can contribute, along with
cf1p, to Cd2+ detoxiﬁcation in S. cerevisiae.  The high sensitivity
f ycf1 to Cd2+ conﬁrms that Ycf1p is the main line of defense
gainst Cd2+ ions. However, Pmr1p and Pmc1p can act as ancillary
athways that help yeast to cope with Cd2+ toxicity especially when
unction of Ycf1p is compromised, even though pmc1 and pmr1
utants are not highly sensitive to Cd2+.
.1. An integrative model of Ycf1p and Ca2+-transporters
peration upon Cd2+ stress
Based on our results and data from the literature, we propose an
ntegrative model of Ycf1p, Pmr1p and Pmc1p function under Cd2+
tress (Fig. 5). Yeast cells exposed to environmental Cd2+ take up
his metal through essential metal divalent transporters, including
he Cch1p/Mid1p high afﬁnity Ca2+ channel. Cd2+ competes with
ssential ions and, in the case of Ca2+, some kind of intracellular
ignaling that improves the afﬁnity of Cch1p/Mid1p by its natural
ubstrate can drive early Ca2+ capture. After some time, the reduc-
ion of external available Ca2+ favors the entry of Cd2+ into the cells,
ue to minor competition between the two ions. Once inside cells,
d2+ can bind two GSH molecules, forming Cd-[GS]2 complexes,
hich, in turn, are removed from the cytosol by Ycf1p or other
S-pumps such as the newly identiﬁed Vmr1p (Wawrzycka et al.,
010), which is not included in the model. Alternatively, Cd2+ can
e detoxiﬁed by GSH-independent pathways, such as those medi-
ted by Pmr1p or Pmc1p. The pathway used is probably related to a
alance between Cd2+ toxicity and metabolic status of the cells. Low
d2+ concentration and/or high intracellular requirements for GSH
re expected to drive more Cd2+ to Pmr1p or Pmc1p. The latter situ-
tion can occur, for example, during respiratory metabolism when
CF1 is down-regulated (Mielniczki-Pereira et al., 2008). Cd2+ cap-
ured by Pmr1p into the Golgi will be released to the extracellular
edium by the secretory pathway. In contrast, high Pmc1p expres-
ion will promote Cd2+ sequestration into the vacuole. In cells with
igh basal expression of Pmc1p compared to Pmr1p, the ﬁrst carrier
ill be more responsive to Cd2+.
When Cd2+ concentrations are high, simultaneous activation of
SH-dependent (e.g. Ycf1p) and independent detoxiﬁcation sys-
ems can occur. If one of these mechanisms is impaired, cells may
ompensate by up-regulating those that are still operative. This
ituation could produce a high degree of cell injury, including
nhibition of mismatch repair, lipid peroxidation, and extensive
xidation of proteins. As a result, cells could trigger ER stress and
ctivate the UPR mediated by Cod1p. We  also speculate that Ycv1p
an produce Ca2+ signals in response to Cd2+, which could activate
iochemical pathways to cope with the toxicity. Ultimately, Cd2+
an be exported out of the cells directly by membrane proteins,gy Letters 207 (2011) 104– 111
such as Yor1p, Alr1p or Pca1p (Nagy et al., 2006; Kern et al., 2005;
Adle et al., 2007, 2009).
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